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Abstract Oxidative damage to
DNA is regarded as an important
step in carcinogenesis. These
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Antioxidant vitamins and cancer risk:
is oxidative damage to DNA a relevant

biomarker?

lesions may arise as a consequence
of exposure to xenobiotics, but are
also generated as a consequence of
endogenous generation of oxidiz-
ing compounds. Measurements

of oxidative damage to

guanines, such as 8-o0xo-7,
8-dihydroguanine (8-oxodG) are
increasingly being regarded as
reliable biomarkers of oxidative
stress and they may have a pre-
dictive value of cancer risk,
although this needs to be estab-
lished independently in several
cohort studies. A survey of inter-
vention studies of the ingestion of
antioxidant-containing foods or
tablets of antioxidants indicate
that about one-third of the studies
reported a protective effect in
terms of lower levels of oxidative
damage to DNA in white blood
cells or decreased urinary excre-

tion of 8-0xodG. Although firm
conclusions cannot be reached,
there appears to be links between
ingestion of antioxidants, oxida-
tive damage to DNA, and risk of
cancer.
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A role of oxidative damage to DNA in cancer
development

Cancer is commonly regarded as a disease of the
genes. An accumulation of somatic mutations,
which is an important event of cancer development,
has been documented in aged cells and tissues.
This accumulation of mutations presumably relates
to cumulative lifetime exposure to endogenous
and exogenous DNA damaging agents. Food and
beverages frequently contain carcinogens, partly

those generated in processing, such as the cooking of
meat, natural compounds and maybe some chemicals
that are added to dietary products. In addition, it is
possible that reactive oxygen species (ROS) are
among the most important human carcinogens. ROS,
which can be produced by various biochemical
reactions, and as a byproduct of oxygen metabolism
in mitochondria, can damage different types of cel-
lular molecules such as proteins, lipids and nucleic
acids.

Hydroxyl radicals are well characterized type of
ROS that are found in biological materials. These
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radicals cause the formation of a large number of
pyrimidine- and purine-derived lesions in DNA [15],
and some of these modified DNA bases have muta-
genic potential [6, 32]. 8-Oxo-7, 8-dihydroguanine
(8-0xoGua; and its deoxyribonucleoside equivalent, 8-
0xodG) is one of the most widely studied lesions. In
this context it is noteworthy that it has been estimated
that each cell of the human body experiences about
2,000 oxidative modifications of guanine per day,
based on the measurement of urinary excretion of 8-
oxoGua and 8-oxodG that has been shown to be
2.5 nmol per kg per day [52]. In experimental sys-
tems, 8-oxoGua residues in DNA can lead to GC —
TA transversions, unless repaired prior to DNA rep-
lication [8]. Therefore, the presence of 8-oxoGua in
cells of whole animals and humans may lead to point
mutations. However, in order to contribute signifi-
cantly to the overall load of mutations in multi-cel-
lular organisms, oxidative damage to DNA will need
to occur at a sufficiently high frequency to exceed the
capacity of the cell for DNA repair.

DNA mutation is considered to be a crucial step
in carcinogenesis and elevated levels of oxidatively
derived DNA lesions have been noted in many
tumours, strongly implicating such damage in the
aetiology of cancer [13]. Elevated levels of damage
have been purported to arise as a result either of (1)
the tumour having an environment low in antioxi-
dant enzymes and high in ROS generation, or (2)
there being reduced DNA repair [13]. Oxidative
mechanisms have been demonstrated to possess a
potential role in the initiation, promotion and
malignant conversion (progression) stages of carci-
nogenesis. Since the cumulative cancer risk increases
with the fourth power of age, and is associated with
an accumulation of DNA damage, oxidative DNA
damage has received increasing attention in relation
to cancer. Lesions, such as 8-0xodG, are used as
biomarkers of oxidative stress. Mutation is not the
sole effect of oxidative damage to DNA, gene
expression can be altered by damage to promoter
sequences [19] or disturbance of DNA methylation
patterns. Telomere shortening can be accelerated,
and microsatellite instability increased (reviewed in
[18]), all of which may be hallmarks of cancerous
cells. This, together with the mutagenicity of such
damage in mammalian cells, has lead to the proposal
that they may be used as intermediate markers of
cancer, although this concept has yet to be verified
in prospective studies of cancer risk. At the same
time, there are potentially serious problems in the
measurement of 8-oxodG, connected with spurious
oxidation of DNA during sample preparation. An
extensive investigation by the European Standards
Committee on Oxidative DNA damage (ESCODD)
concluded that the true background level of 8-0xodG

in mammalian cells is likely to be 0.3-4.2 lesions per
10° unaltered guanines and that reports outside this
range should be viewed sceptically [9].

Elevated levels of ROS may lead to the activation of
transcription factors, and their corresponding genes.
This, together with increased levels of DNA damage,
may create a selection pressure for the malignant
phenotype seen in cancer [64]. Whilst such studies
have furthered the hypothesis that oxidative damage
to DNA may be an important risk factor for carci-
nogenesis, it has been argued that the mere presence
of 8-0xodG in DNA is unlikely to be a necessary and
sufficient cause of tumour formation. This is clearly
illustrated by a large number of pathological condi-
tions in which levels of oxidative damage to DNA are
elevated, but with no increased incidence of carcino-
genesis [13]. This raises some possibility that oxida-
tive damage to DNA could be an epiphenomenon in
relation to an on-going pathophysiological process,
and elevated levels may not have a causal role in
carcinogenesis. This hypothesis of reverse causality
indicates that the mere presence of elevated levels of
damage in tumours does not indicate that it was
oxidative damage which led to the tumourigenic
changes. Elevated levels of oxidized DNA in tumour
tissue may have occurred as a result of well estab-
lished characteristics of tumours, e.g. increased
metabolism or cell turnover. In addition, for DNA
mutations to arise from oxidative damage, the nuclei
of undifferentiated, proliferating stem cells, have to be
affected. In addition, the mutations should arise from
oxidative damage to DNA within a coding region or
other regulatory segments of the genome. Since tissue
samples from both tumours and normal tissue rep-
resent a heterogeneous mixture of differentiated and
undifferentiated cells (the former likely to predomi-
nate), the analytical procedures in current use are
unable to quantify the level of lesions in the most
important precursor cells. It is such issues that will
have to be addressed before the link between oxida-
tive damage to DNA and cancer can be firmly estab-
lished. In this context there is a need for further in
vitro, mechanistic investigations, as well as large
prospective studies in order to demonstrate that a
high level of oxidatively damaged DNA is related to an
increased cancer risk. Ultimately, demonstrating that
an intervention which reduces oxidative damage to
DNA also reduces cancer risk, will provide the much
needed evidence for the value of such biomarkers in
maintenance of public health and cancer prevention.

Summing up, it can be argued from the data
obtained so far that it appears likely that the devel-
opment of many types of cancer involves oxidative
stress, but that it is difficult, at present to determine to
what extent oxidative stress is directly involved in
carcinogenesis since full development of the disease,
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following carcinogen exposure, may take 20-40 years.
Inter-individual variation in response to carcinogens,
such as xenobiotic metabolism and DNA repair,
results in a highly heterogeneous population in which
to study these effects, further complicating this issue.
It is very difficult, therefore, to establish directly that
the DNA lesion responsible for a carcinogenic process
is the lesion present in tumours many generations of
cells later. Nevertheless, one should bear in mind that
DNA damage, altered gene expression and mutations
are necessary elements in the process of carcinogen-
esis. Irrespective of the mechanisms by which these
events may arise, oxidants are involved in each case.

Dietary antioxidants as inhibitors of oxidative
damage to DNA and as a factor that decreases
cancer risk

There is widely believed to be a link between diet
and cancer incidence. A plethora of epidemiological
studies have described the protective effects of diets
rich in fruits and vegetables on some cancers [31, 70].
The mode of action of dietary micronutrients is
complex and far from being fully understood. It is
reasonable to assume that agents that decrease oxi-
dative damage to DNA should also decrease risk of
cancer development. One possible mechanism by
which the protective effect of fruits and vegetables is
exerted could thus be by way of the antioxidant
activities of dietary components such as vitamins A, C
and E or phenolic compounds. These antioxidants are
effective free radical scavengers, and should protect
DNA from oxidative damage. However, large-scale
intervention studies have failed to demonstrate that
intake of antioxidant vitamins decrease the cancer
risk and meta-analysis even indicates increased risk
of mortality [4].

Intuitively, supplementation trials would appear to
represent the most relevant way of exploring antiox-
idant effects in humans, although the sampling most
often is restricted to the use of surrogate tissues such
as white blood cells (WBC) and urine. At the begin-
ning of the 1990s, as the ability to detect 8-0xodG in
DNA appeared, the first of many antioxidant supple-
mentation trials dealing with this lesion in WBC
was carried out [33]. Reliable detection of urinary
8-0x0dG excretion became possible at the same time
[41] which, coupled with the difficulties associated
with artefactual formation of oxidative damage to
DNA (see ESCODD, above), urinary 8-oxodG excre-
tion became the favoured biomarker in antioxidant
trials. However, by far the most popular assay in
antioxidant intervention trials has been the comet
assay with detection of DNA strand breaks (SB) or the

enzyme-modified version of the comet assay that
detects oxidized purines (including 8-oxodG) and
pyrimidines by formamidopyrimidine DNA glycosy-
lase (FPG) and endonuclease III (ENDOIII), respec-
tively. The literature on biomarkers of oxidative
damage to DNA in WBC in a number of small-scale
intervention studies of antioxidant supplements has
been summarized in a series of reviews [45-47]. Many
studies suffer, however, from non-optimum design.
Table 1 provides an overview of intervention studies
involving optimal design in which the effects of
antioxidants or antioxidant-rich foods supplements
on oxidative damage to DNA in WBC or in urine have
been investigated.

Effect of antioxidant supplementation
on oxidative damage to DNA in WBC

Ingestion of single doses of simple antioxidants is
typically associated with temporarily reduced levels of
oxidative damage to DNA [45-47]. The effect of a
single dose of vitamin C seems to disappear within
some hours, while tocopherols and carotenoids might
exert their effects somewhat longer, possibly because
of differences in the respective rates of bioavailability
and elimination [5, 11, 14, 29, 36, 58]. Among the
studies in which multiple doses of single antioxidants
are given, there are fewer studies reporting protective
effects than negative results [45-47]. This suggests
that the protective effect of a single antioxidant is
relatively short. In two well-designed studies of the
effects of administrating a combination of antioxidant
vitamins, a protective effect could be shown only after
20 weeks of supplementation but no effect after
10 weeks (or 6 months of supplementation) [17, 34].
Accordingly, the question of whether multiple vitamin
supplementation provide better protection against
oxidative damage to DNA than a single dose cannot
be answered unambiguously.

Antioxidant rich foods

Ingestion of a diet rich in flavonols (including quer-
cetin) and of one rich in cruciferous and legume
sprouts (113 g/day for 2 weeks) was not found to alter
the level of ENDOIII and FPG sites, respectively [24,
40]. Also, consumption of rye crisp bread (76.5 mg/
day for 2 weeks), as a source of lignans, was neither
associated with increased plasma enterolactone con-
centration, nor effect on ENDOIII sites [54]. The lack
of effect of lignans in WBC would seem reasonable in
the view of the low bioavailability of the active sub-
stances in rye crisp bread, and their effects in the
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gastrointestinal tract are easier to comprehend.
Drinking blackcurrant juice or an anthocyanine drink
(475-1,000 ml/day for 3 weeks) also had no beneficial
effect on ENDOIII and FPG sites. In fact, there was a
tendency that the level of FPG sites increased in the
group of subjects drinking blackcurrant juice [48].
Anthocyanines have low bioavailability and the dose
provided here was rather high. It may be speculated
that the subjects had a slight, unintentional, intoxi-
cation of the gastrointestinal tract (some of the sub-
jects in the active groups complained of nausea, for
example). Three studies have investigated the effects
of supplementation of vegetables and fruits. The one
investigation, a crossover study with male smokers,
showed no effect of ENDOIII sites of ingesting 500 g/
day of such food for 3 weeks [3]. The other, a pla-
cebo-controlled parallel study in which non-smoking
subjects of both sexes were given 600 g/day of fruits
and vegetables for 24 days, was negative with respect
to effects on the ENDOIII and FPG sites [50]. The
third study supplemented with 12 servings per day of
vegetables and reported a modest (16.5%) lower level
of 8-0x0dG as compared to the reference group that
ingested 3.6 servings per day [63]. Five studies carried
out, in which a reduction in the level of oxidative
damage to DNA was observed, provided very different
antioxidant-rich foods that are not easy to compare.
Drinking soy milk (1,000 ml/day for 4 weeks) as a
source of phytoestrogens in one study increased
plasma levels of genistein and daidzein but not en-
terolactone; assessment of DNA damage revealed
lower levels of ENDOIII [44]. The only study showing
consistent effects of more than one endpoint was a
study of effect of kiwi fruit supplementation (1-3 kiwi
fruits/day for 3 weeks), which showed the numbers of
ENDOIII and FPG sites to be reduced [10].

An overall summary of the studies showed that
seven investigations reported beneficial effect of
antioxidant supplementation [10, 17, 36, 44, 49, 58,
63], whereas 13 studies reported null effect [3, 5, 11,
14, 16, 24, 25, 29, 34, 40, 48, 50, 54]. There is little
support for the notion that ingestion of antioxidant-
rich foods is associated with lower spontaneous level
of oxidative damage to DNA in WBC than intake of
single antioxidants.

Effect of antioxidant supplementation
on 8-oxodG in urine

Measurement of urinary excretion of 8-oxodG in
antioxidant intervention studies is based on the
notion that it decreases following a steady state
ingestion of antioxidants because of the rate of
generation of oxidative damage to DNA in the body
being decreased. For 28 studies of the effect of

antioxidant supplementation on urinary excretion of
8-0x0dG, in which controlled design was employed
(2, 5, 12, 20, 21, 27, 30, 35, 37-39, 42, 43, 50, 51, 53,
55-57, 59-62, 66-69, 71], no appreciable difference
was present in terms of duration of the intervention
period, number of subjects, or the power to detect a
50% change between studies reporting beneficial ef-
fects and those reporting no effects. Overall there
were 11 investigations showing beneficial effect of
antioxidant supplementation [2, 20, 26, 38, 39, 42,
43, 51, 66, 68, 69], whereas 17 studies reported that
the supplementation had no effect on the urinary
excretion of 8-oxodG, during the period of supple-
mentation [5, 12, 21, 30, 35, 37, 50, 53, 55-57, 59-62,
67, 71].

Four studies on single carotenoid supplementation
showed no effect on urinary excretion of 8-oxodG
[5, 55, 57, 62]. A comparable study involving sup-
plementation of a mixture of carotenoids revealed a
statistically significant difference in delta values
(i.e. the difference between data obtained at the end of
the supplementation and baseline) between the active
and placebo groups, but there was no difference rel-
ative to the baseline values [38]. In fact, the statisti-
cally significant difference of the delta values was
mainly caused by an increased 8-oxodG excretion in
the placebo group, whereas the excretion only de-
creased slightly in the group receiving mixed carote-
noids. In four different studies, supplementation with
single doses of or a combination of vitamin C and
vitamin E had no effect in healthy subjects [12, 30, 56,
57], whereas one study reported a beneficial effect of
high dose supplementation with vitamin C (1,000 mg/
days) and vitamin E (600 mg/days) in HIV-infected
patients that had received a drug (zidovudine) that
causes oxidation of DNA in both mice and humans
[2]. Studies on multi-vitamin tablet supplementation
have shown no beneficial effect in neither normal
subjects [50, 51, 60] nor in subjects exposed to alti-
tude hypoxia with or without cold-weather field
training [53, 59, 61].

Investigations of natural food products show an
equal distribution between the studies reporting
beneficial and null effect. Ingestion of olive oils with
high content of phenolic compounds was associated
with lower urinary excretion of 8-oxodG [69].
Another study also showed lower level of urinary
8-0xodG excretion following supplementation with
three different olive oils, but the effect was not related
to the content of phenolic compounds in the olive oils
[43]. Interestingly, this study also included measure-
ments of the urinary excretion of 8-oxoGua, which is
considered to be the primary degradation product of
the Oggl-mediated repair of 8-0xodG in genome, but
the supplementation did not affect the 8-oxoGua
excretion [43]. A number of studies have involved
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supplementation of berries, fruits, tea, and vegetables.
Taking capsules containing extracts of fruits and
berries, and eating diets rich in carotenoids were both
found to lower the excretion of 8-oxodG [51]. A
beneficial effect of vegetable juice consumption on
8-0x0dG excretion was also observed in subjects en-
rolled in a soccer summer training camp [20]. On the
other hand, neither eating 600 g of fruit and vegetable
nor the corresponding amount of minerals and vita-
mins in tablet form were associated with lower uri-
nary excretion of 8-oxodG relative to the placebo
group, whereas there was a pronounced period effect
of the intervention [50]. Another study of parallel
groups receiving varying content of polyunsaturated
fatty acids and fruits and vegetables showed that the
urinary excretion of 8-0xodG tended to decrease in all
groups, whereas there was no difference in the effect
between the groups [21]. Ingestion of capsules con-
taining juices and powder of fruits and vegetables had
no effect of 8-0xodG excretion in urine [37].

Mixed results concerning the effect of a dietary
supplementation of Brussels sprouts (300 g/day) were
obtained in two studies [66, 67]. In the first study,
which involved only male subjects, the Brussels
sprouts supplementation lowered urinary excretion of
8-0x0dG [66]. In the subsequent study, in which both
sexes were included, the effect was less clear, there
being a tendency that only the males to benefit from
ingestion of Brussels sprouts, but the results were not
firm because of the small number of subjects tested
and of one of the male subjects showing an unex-
pectedly high urinary 8-oxodG excretion level [67].
Four other studies in this area concerned the effect of
drinking green tea on ingestion of green tea extracts
[26, 27, 39, 42, 71]. In one study, there was a beneficial
effect of drinking 300 ml/day for a week [39], whereas
there was no effect of ingesting green tea extract in
meat patties for 3 weeks [71]. The unadjusted data of
the third study indicated no beneficial effect of
drinking green tea, but adjustment of the data for
number of variables such as baseline 8-0xodG levels,
revealed a statistically significant effect of drinking
green for 4 months [26, 27]. Drinking green tea also
lowered the urinary excretion of 8-0xodG in subjects
who were at high-risk of developing liver cancer [42].
In still a further study, drinking soya hypocotyl tea
was associated with lower urinary excretion of 8-ox-
0dG, although it should be emphasized that the fate of
the antioxidants in this investigations was inconclu-
sive since (1) the plasma concentration of carotenoids
decreased; (2) the putative active constituents (iso-
flavones) were not measured in the plasma, and (3)
the alterations in the urinary concentration could not
be assessed due to insufficient information [68].
Drinking extracts from sweet chestnut rose (Rosa

roxburghii) plant or cranberry juice did not altered 8-
0xodG excretion [16, 35].

There are a number of reasons why a positive effect
of the vitamin supplementation on cancer risk, in
connection with oxidative damage to DNA, might not
have been observed;

1. It is possible that a protective effect from vitamin
supplementation may only be seen when their
basal levels are very low such as in the case of
severe oxidative stress. Indeed, vitamin supple-
mentation of HIV-infected patients, who had low
levels of antioxidant vitamins and high 8-oxodG
levels in lymphocyte, resulted in the restoration of
the vitamin levels characteristic for the control
subjects. Concomitantly, the authors also noted a
significant decrease in the levels of the modified
bases, compared to the patients who received pla-
cebo [2]. It is possible, therefore, that the presence
of oxidative stress, which might fail to be recog-
nized, could increase the likelihood of detecting a
protective effect.

2. Under some of circumstances, antioxidant vita-
mins (vitamin C and A) might exert pro-oxidative
effects. It is possible that supplementation of
vitamin C in subjects with iron-overload may
increase the level of oxidative damage to DNA. It is
worthy of note in this context that presumably
healthy subjects might have the hereditary disease
idiopathic haemachromathosis, which leads to iron
overload, such that iron catalytic for free radical
reactions (the so-called labile iron pool) is
increased in plasma [28]. Interestingly, a positive
correlation has been demonstrated between the
level of the labile iron pool and the level of
8-0x0dG in lymphocytes from putatively healthy
subjects as well a population of humans charac-
terized by having mild hypercholesterolemia [22,
65]. Moreover, the absorption of non-haem iron
has also been found to be affected by ascorbic acid
[23].

3. It can be speculated whether the concentration of
antioxidants in blood and 8-0xodG in lymphocytes
or leukocytes DNA are representative measures of
the situation in the target tissue of the carcino-
genesis.

4. It is possible that the antioxidants themselves may
allow clonal expansion and tumour promotion by
protecting initiated cells from oxidant toxicity and
apoptosis that would otherwise kill them [7].

5. Antioxidant vitamins may have other biological
activities that are not related to the effect of
inhibiting oxidizing reactions. For instance, anti-
oxidant vitamins appear to be able to affect the
regulation of gene expression [1].
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Comments

There are numerous experimental studies published
each year on the potential of antioxidants or antioxi-
dant-rich foods to prevent the oxidation of DNA. On the
experimental basis, it is easy to understand the ingestion
of antioxidants being associated with lower levels of
oxidative damage to DNA. However, many of the studies
are of only limited value because of methodological
problems related to the study design and the assays, and
many lack the power to detect 50% differences between
two study groups. Although single studies may have
higher power due to specific designs such as repeated
measurements, it is a major concern that many studies
have too few subjects. The effect-ratio in healthy sub-
jects is most likely less than 10%, which means that the
number of subjects should be in the hundreds rather
than tens [47].

At present, no firm conclusions can be reached on
the basis of antioxidant intervention studies. There is
a tendency that supplementation with antioxidant-
rich food decreases the urinary excretion of 8-oxodG,
whereas single antioxidants do not. Studies of the
effect in WBC indicate little support for the notion
that long-term antioxidant supplementation lowers
the basal level of oxidative damage to DNA, although
there may be a beneficial effect in the first few hours
after ingestion of vitamin antioxidant or phyto-
chemicals. This can interpreted as antioxidants hav-
ing an overall beneficial effect on the body as a whole,
yet the use of WBC as surrogate tissue may not be
particularly well suited for detection of this effect. It
should also be borne in mind that the majority of
studies involve healthy individuals, whereas the pro-
tective effect of antioxidants might be easier to detect
in subjects who suffer from oxidative stress. These
could be either healthy subjects exposed to oxidative
stress (such as exhaustive exercise and hyperbaric

References

1. Astley SB, Lindsay DG (2002) European

3.van den Berg R, van Vlet T,

oxygen treatment) or patients under oxidative stress
as a result of existing disease. However, the few well-
controlled studies that have reported realistic levels of
oxidative damage to DNA in WBC of oxidatively
stressed subjects lend little support to the notion that
such a population benefits more from antioxidant
supplementation than a population of normal sub-
jects. It should be noted, though, that most of the
investigations have used vitamin E supplementation,
which is anticipated to be the least effective of anti-
oxidants with which to supplement. There is an
obvious need for controlled antioxidant intervention
studies encompassing subjects who are oxidatively
stressed and in whom oxidative damage to DNA is
measured by enzymic or chromatographic methods,
and also urinary assessments of 8-oxodG.

In the future, more attention should probably be
devoted to alternative chemopreventive mechanisms
such as the upregulation of DNA repair systems and
to other types of DNA damage, such as bulky DNA
adducts. Also the chemopreventive effect of antioxi-
dants in non-lymphatic tissue, which has only been
sparsely investigated, should be addressed thoroughly
before the idea of antioxidants having clearly benefi-
cial effects is abandoned. Hopefully, such studies will
benefit from the lessons learned from antioxidant
intervention studies, particularly as regards for the
need of proper investigative designs and of the
validity of the biomarkers, which are of pivotal
importance for such studies.

Acknowledgment This review was written as a part of the re-
search integration in the Workpackage “Mechanisms of modula-
tion of cancer by dietary factors” in the NoE Environmental Cancer
risk, Nutrition and Individual Susceptibility (ECNIS, no. 513943;
www.ecnis.org).”

Conflict of interest none.

5. Boyle SP, Dobson VL, Duthie §J,

research on the functional effects of
dietary antioxidants (EUROFEDA).
Conclusions. Mol Aspects Med 23:287-
291

2. de la Asuncion JG, del Olmo ML, Sastre
], Millan A, Pellin A, Pallardo FV, Vina
] (1998) AZT treatment induces
molecular and ultrastructural oxidative
damage to muscle mitochondria. Pre-
vention by antioxidant vitamins. ] Clin
Invest 102:4-9

Broekmans WMR, Cnubben NHP, Vaes
WH]J, Roza L, Haenen GRMM, Bast A,
van den Berg H (2001) A vegetable/fruit
concentrate with high antioxidant
capacity has no effect on biomarkers of
antioxidant status in male smokers.
] Nutr 131:1714-1722

. Bjelakovic G, Nikolova D, Gluud LL,

Simonetti RG, Gluud C (2007) Mortal-
ity in randomized trials of antioxidant
supplements for primary and second-
ary prevention: systematic review and
meta-analysis. JAMA 297:842-857

Hinselwood DC, Kyle JAM, Collins AR
(2000) Bioavailability and efficiency of
rutin as an antioxidant: a human sup-
plementation study. Eur J Clin Nutr
54:774-782

. Cadet J, Douki T, Gasparutto D,

Ravanat JL (2003) Oxidative damage to
DNA: formation, measurement and
biochemical features. Mutat Res 531:5—
23

. Cerutti PA (1994) Oxy-radicals and

cancer. Lancet 344:862-863



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

. Cheng KC, Cahill

DS, Kasai H,
Nishimura S, Loeb LA (1992) 8-hy-
droxyguanine, an abundant form of
oxidative DNA damage causes G —> T
and A — C substitutions. J Biol Chem
267:166-172

. Collins AR, Cadet J, Moller L, Poulsen

HE, Vina ] (2004) Are we sure we know
how to measure 8-0xo0-7,8-dihydro-
guanine in DNA from human cells?
Arch Biochem Biophys 423:57-65
Collins AR, Harrington V, Drew ],
Melvin R (2003) Nutritional modula-
tion of DNA repair in a human
intervention study. Carcinogenesis
24:511-515

Collins AR, Olmedilla B, Southon S,
Granado F, Duthie SJ (1998) Serum
carotenoids and oxidative DNA dam-
age in human lymphocytes. Carcino-
genesis 19:2159-2162

Cooke MS, Evans MD, Podmore ID,
Herbert KE, Mistry N, Mistry P, Hick-
enbotham PT, Hussieni A, Griffiths HR,
Lunec J (1998) Novel repair action of
vitamin C upon in vivo oxidative DNA
damage. FEBS Lett 363:363-367

Cooke MS, Olinski R, Evans MD (2006)
Does measurement of oxidative dam-
age to DNA have clinical significance?
Clin Chim Acta 365:30-49

Dennog C, Radermacher P, Barnett YA,
Speit G (1999) Antioxidant status in
humans after exposure to hyperbaric
oxygen. Mutat Res 428:83-89
Dizdaroglu M (1992) Oxidative damage
to DNA in mammalian chromatin.
Mutat Res 275:331-342

Duthie SJ, Jenkinson AM, Crozier A,
Mullen W, Pirie L, Kyle J, Yap LS,
Christen P, Duthie GG (2006) The
effects of cranberry juice consumption
on antioxidant status and biomarkers
relating to heart disease and cancer in
healthy human volunteers. Eur ] Nutr
45:113-122

Duthie SJ, Ma A, Ross MA, Collins AR
(1996) Antioxidant supplementation
decreases oxidative DNA damage in
human lymphocytes. Cancer Res
56:1291-1295

Evans MD, Cooke MS (2004) Factors
contributing to the outcome of oxida-
tive damage to nucleic acids. BioEssays
26:533-542

Evans MD, Cooke MS (eds) (2007)
Oxidative damage to nucleic acids.
Landes Bioscience and Springer,
Georgetown

Fan W-Y, Ogusu K, Kouda K, Nakam-
ura H, Satoh T, Ochi H, Takeuchi H
(2000) Reduced oxidative DNA damage
by vegetable juice intake: a controlled
trial. J Physiol Anthropol 19:287-289

S. Loft et al.
Oxidative damage to DNA a relevant biomarker?

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Freese R, Dragsted LO, Loft S, Mutanen
M (2007) No effect on oxidative stress
biomarkers by modified intakes of
polyunsaturated fatty acids or vegeta-
bles and fruit. Eur ] Clin Nutr.
doi:10.1038/sj.ejcn.1602865

Gackowski D, Kruszewsk M,
Banaszkiewicz Z, Jawien A, Olinski R
(2002) Lymphocyte labile iron pool,
plasma iron, transferrin saturation and
ferritin levels in colon cancer patients.
Acta Biochim Pol 49:269-272
Gackowski D, Kruszewski M,
Bartlomiejczyk T, Jawien A, Ciecierski
M, Olinski R (2002) The level of 8-oxo-
7,8-dihydro-2’-deoxyguanosine is pos-
itively correlated with the size of the
labile iron pool in human lymphocytes.
] Biol Inorg Chem 7:548-550

Gill CIR, Haldar S, Porter S, Matthews
S, Sullivan S, Coulter J, McGlynn H,
Rowland I (2004) The effect of crucif-
erous and leguminous sprouts on
genotoxicity, in vitro and in vivo.
Cancer Epidemiol Biomarkers Prev
13:1199-1205

Glei M, Habermann N, Osswald K,
Seidel C, Persin C, Jahreis G, Pool-
Zobel BL (2005) Assessment of DNA
damage and its modulation by dietary
and genetic factors in smokers using
the Comet assay: a biomarker model.
Biomarkers 10:203-217

Hakim IA, Harris RB, Brown S, Chow
HH, Wiseman S, Agarwal S, Talbot W
(2003) Effect of increased tea con-
sumption on oxidative DNA damage
among smokers: a randomized con-
trolled study. J Nutr 133:33035-3309S
Hakim IA, Harris RB, Chow HH, Dean
M, Brown S, Ali IU (2004) Effect of a
4-month tea intervention on oxidative
DNA damage among heavy smokers:
role of glutathione S-transferase geno-
types. Cancer Epidemiol Biomarkers
Prev 13:242-249

Halliwell B (1996) Oxidative stress,
nutrition and health. Experimental
strategies for optimization of nutri-
tional antioxidant intake in humans.
Free Radic Res 25:57-74

Herbert KE, Fletcher S, Chauhan D,
Ladapo A, Nirwan ], Munson S, Mistry
P (2006) Dietary supplementation with
different vitamin C doses: no effect on
oxidative DNA damage in healthy
people. Eur ] Nutr 45:97-104

Huang H-Y, Helzlsouer KJ, Appel L]
(2000) The effects of vitamin C and
vitamn E on oxidative DNA damage:
Results from a randomized controlled
trial. Cancer Epidemiol Biomarkers
Prev 9:647-652

TARC (2003) IARC handbooks of can-
cer prevention. Fruit and vegetables.
IARC Press, Iyon

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

27

Jackson AL, Loeb LA (2001) The
contribution of endogenous sources of
DNA damage to the multiple mutations
in cancer. Mutat Res 477:7-21

Jacob RA, Kelley DS, Pianalto FS,
Swendseid ME, Henning SM, Zhang JZ,
Ames BN, Fraga CG, Peters JH (1991)
Immunocompetence and  oxidant
defense during ascorbate depletion of
healthy men. Am J Clin Nutr 54:1302S-
1309S

Jacobson JS, Begg MD, Wang LW,
Wang Q, Agarwal M, Norkus E, Singh
VN, Young T-L, Yang D, Santella RM
(2000) Effects of a 6-month vitamin
intervention on DNA damage in heavy
smokers. Cancer Epidemiol Biomarkers
Prev 9:1303-1311

Janse van RC, Erasmus E, Loots dT,
Oosthuizen W, Jerling JC, Kruger HS,
Louw R, Brits M, van der Westhuizen
FH (2005) Rosa roxburghii supple-
mentation in a controlled feeding study
increases plasma antioxidant capacity
and glutathione redox state. Eur J Nutr
44:452-457

Jenkinson AM, Collins AR, Duthie SJ,
Wahle KW]J, Duthie GG (1999) The
effect of increased intakes of polyun-
saturated fatty acids and vitamin E on
DNA damage in human lymphocytes.
FASEB ] 13:2138-2142

Kiefer I, Prock P, Lawrence C, Wise J,
Bieger W, Bayer P, Rathmanner T,
Kunze M, Rieder A (2004) Supple-
mentation with mixed fruit and vege-
table juice concentrates increased
serum antioxidants and folate in heal-
thy adults. ] Am Coll Nutr 23:205-211
Kiokias S, Gordon MH (2003) Dietary
supplementation with a natural carot-
enoid mixture decreases oxidative
stress. Eur J Clin Nutr 57:1135-1140
Klaunig JE, Xu Y, Han C, Kamendulis
LM, Chen ], Heiser C, Gordon MS,
Mohler III ER (1999) The effect of tea
consumption on oxidative stress in
smokers and nonsmokers. Proc Soc
Exp Biol Med 220:249-254

Lean MEJ, Noroozi M, Kelly I, Burns J,
Talwar D, Sattar N, Crozier A (1999)
Dietary flavonols protect diabetic
human lymphocytes against oxidative
damage to DNA. Diabetes 48:176-181
Loft S, Vistisen K, Ewertz M,
Tjonneland A, Overvad K, Poulsen HE
(1992) Oxidative DNA damage esti-
mated by 8-hydroxydeoxyguanosine
excretion in humans: influence of
smoking, gender and body mass index.
Carcinogenesis 13:2241-2247



28

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Luo H, Tang L, Tang M, Billam M,
Huang T, Yu J, Wei Z, Liang Y, Wang
K, Zhang ZQ, Zhang L, Wang JS (2006)
Phase Ila chemoprevention trial of
green tea polyphenols in high-risk
individuals of liver cancer: modulation
of urinary excretion of green tea poly-
phenols and 8-hydroxydeoxyguano-
sine. Carcinogenesis 27:262-268
Machowetz A, Poulsen HE, Gruendel S,
Weimann A, Fito M, Marrugat J, de la
Torre R, Salonen JT, Nyyssonen K,
Mursu J, Nascetti S, Gaddi A, Kiese-
wetter H, Baumler H, Selmi H, Kai-
kkonen J, Zunft HJ, Covas MI,
Koebnick C (2007) Effect of olive oils
on biomarkers of oxidative DNA stress
in Northern and Southern Europeans.
FASEB ] 21:45-52

Mitchell JH, Collins AR (1999) Effects
of a soy milk supplementation on
plasma cholesterol levels and oxidative
DNA damage in men—a pilot study.
Eur ] Nutr 38:143-148

Magller P, Loft S (2002) Oxidative DNA
damage in white blood cells of humans
in dietary antioxidant intervention
studies. Am ] Clin Nutr 76:303-310
Magller P, Loft S (2004) Interventions
with antioxidants and nutrients in
relation to oxidative DNA damage and
repair. Mutat Res 551:79-89

Moller P, Loft S (2006) Dietary antiox-
idants and beneficial effect on oxida-
tively damaged DNA. Free Radic Biol
Med 41:388-415

Moller P, Loft S, Alfthan G, Freese R
(2004) Oxidative DNA damage in cir-
culating mononuclear blood cells after
ingestion of blackcurrant juice or
anthocyanin-rich drink. Mutat Res
551:119-126

Moller P, Viscovich M, Lykkesfeldt J,
Loft S, Jensen A, Poulsen HE (2004)
Vitamin C supplementation decreases
oxidative DNA damage in mononuclear
blood cells of smokers. Eur ] Nutr
43:267-274

Moller P, Vogel U, Pedersen A, Drag-
sted LO, Sandstrom B, Loft S (2003) No
effect of 600 g fruit and vegetables per
day on oxidative DNA damage and
repair in healthy human non-smokers.
Cancer Epidemiol Biomarkers Prev
12:1016-1022

Nelson JL, Bernstein PS, Schmidt MC,
Von Tress MS, Askew EW (2003) Die-
tary modification and moderate anti-
oxidant supplementation differentially
affect serum carotenoids, antioxidant
levels and markers of oxidative stress
in older humans. J Nutr 133:3117-3123

European Journal of Nutrition (2008) Vol. 47, Supplement 2

© Steinkopff Verlag 2008

52.

53.

54.

55.

56.

57.

58.

59.

60.

Olinski R, Gackowski D, Rozalski R,
Foksinski M, Bialkowski K (2003)
Oxidative DNA damage in cancer
patients: a cause or a consequence of
the disease development? Mutat Res
531:177-190

Pfeiffer JM, Askew EW, Roberts DE,
Wood SM, Benson JE, Johnson SC,
Freedman MS (1999) Effect of antioxi-
dant supplementation on urine and
blood markers of oxidative stress dur-
ing extended moderate-altitude train-
ing. Wilderness Environ Med 10:66-74
Pool-Zobel BL, Adlercreutz H, Glei M,
Liegibel UM, Sittlingon J, Rowland I,
Wihidld K, Rechkemmer G (2000)
Isoflavonoids and lignans have differ-
ent potentials to modulate oxidative
genetic damage in human colon cells.
Carcinogenesis 21:1247-1252

van Poppel G, Poulsen H, Loft S,
Verhagen H (1995) No influence of beta
carotene on oxidative DNA damage in
male smokers. ] Natl Cancer Inst
87:310-311

Porkkala-Sarataho E, Salonen ]T,
Nyyssonen K, Kaikkonen ], Salonen R,
Ristonmaa U, Diczfalusy U, Brigelius-
Flohe R, Loft S, Poulsen HE (2000)
Long-term effects of vitamin E, vitamin
C, and combined supplementation of
urinary 7-hydro-8-oxo-2’-deoxyguano-
sine, serum cholesterol oxidation
products, and oxidation resistance of
lipids in nondepleted men. Arterioscle
Thromb Vasc Biol 20:2087-2093
Prieme H, Loft S, Nyyssonen K, Salo-
nen JT, Poulsen HE (1997) No effect of
supplementation with vitamin E,
ascorbic acid, or coenzyme Q10 on
oxidative DNA damage estimated by 8-
oxo-7,8-dihydro-2’-deoxyguanosine
excretion in smokers. Am ] Clin Nutr
65:503-507

Sacheck JM, Milbury PE, Cannon ]G,
Roubenoff R, Blumberg JB (2003) Effect
of vitamin E and eccentric exercise on
selected biomarkers of oxidative stress
in young and elderly men. Free Radic
Biol Med 34:1575-1588

Schmidt MC, Askew EW, Roberts DE,
Prior RL, Ensign Jr WY, Hesslink RE
(2002) Oxidative stress in humans
training in a cold, moderate altitude
environment and their response to a
phytochemical antioxidant supple-
mentation. Wilderness Environ Med
13:94-105

Stewart RJ, Askew EW, McDonald CM,
Metos J, Jackson WD, Balon TW, Prior
RL (2002) Antioxidant status of young
children: response to an antioxidant
supplement. ] Am Diet Assoc 102:1652-
1657

61.

62.

63.

64.

65.

66.

67.

69.

70.

71.

Subudhi AW, Jacobs KA, Hagobian TA,
Fattor JA, Fulco CS, Muza SR, Rock PB,
Hoffman AR, Cymerman A, Fried-
lander AL (2004) Antioxidant supple-
mentation does not attenuate oxidative
stress at high altitude. Aviat Space
Environ Med 75:881-888

Sumida S, Doi T, Sakurai M, Yoshioka
Y, Okamura K (1997) Effect of a single
bout of exercise and f-carotene sup-
plementation on the urinary excretion
of 8-hydroxy-deoxyguanosine in hu-
mans. Free Radic Res 27:607-618
Thompson HJ, Heimendinger J, Gillette
C, Sedlacek SM, Haegele A, O’Neill C,
Wolfe P (2005) In vivo investigation of
changes in biomarkers of oxidative
stress induced by plant food rich diets.
J Agric Food Chem 53:6126-6132
Toyokuni S, Okamoto K, Yodoi J, Haiai
H (1995) Persistent oxidative stress in
cancer. FEBS Lett 358:1-3

Tuomainen TP, Loft S, Nyyssonen K,
Punnonen K, Salonen JT, Poulsen HE
(2007) Body iron is a contributor to
oxidative damage of DNA. Free Radic
Res 41:324-328

Verhagen H, Poulsen HE, Loft S, van
Poppel G, Willems MI, van Bladeren PJ
(1995) Reduction of oxidative DNA-
damage in humans by Brussels sprouts.
Carcinogenesis 16:969-970

Verhagen H, de Vries A, Nijhoff WA,
Schouten A, van Poppel G, Peters WH,
van den Berg H (1997) Effect of Brus-
sels sprouts on oxidative DNA-damage
in man. Cancer Lett 114:127-130

. Watanabe S, Haba R, Terashima K,

Arai Y, Miura T, Chiba H, Takamatsu K
(2000) Antioxidant activity of soya
hypocotyl tea in humans. Biofactors
12:227-232

Weinbrenner T, Fito M, de la Torre R,
Saez GT, Rijken P, Tormos C, Coolen S,
Albaladejo MF, Abanades S, Schroder
H, Marrugat J, Covas MI (2004) Olive
oils high in phenolic compounds
modulate oxidative/antioxidative status
in men. ] Nutr 134:2314-2321

World Cancer Research Fund/Ameri-
can Institute for Cancer Research
(2007) Food, nutrition and the pre-
vention of cancer: a global perspective.
WCRF/AICR, Washington

Young JF, Dragsted LO, Haraldsdottir J,
Daneshvar B, Kall MA, Loft S, Nilsson
L, Mayer SE, Hyunh-Ba T, Hermetter A,
Sandstrom B (2002) Green tea extracts
only affects markers of oxidative stress
postpradinally. Lasting antioxidant
effect of flavonoid-free diet. Br J Nutr
87:343-355



	Sec1
	Sec2
	Sec3
	Sec4
	Tab1
	Tab1
	Sec5
	Sec6
	Ack
	Bib
	CR1
	CR2
	CR3
	CR4
	CR5
	CR6
	CR7
	CR8
	CR9
	CR10
	CR11
	CR12
	CR13
	CR14
	CR15
	CR16
	CR17
	CR18
	CR19
	CR20
	CR21
	CR22
	CR23
	CR24
	CR25
	CR26
	CR27
	CR28
	CR29
	CR30
	CR31
	CR32
	CR33
	CR34
	CR35
	CR36
	CR37
	CR38
	CR39
	CR40
	CR41
	CR42
	CR43
	CR44
	CR45
	CR46
	CR47
	CR48
	CR49
	CR50
	CR51
	CR52
	CR53
	CR54
	CR55
	CR56
	CR57
	CR58
	CR59
	CR60
	CR61
	CR62
	CR63
	CR64
	CR65
	CR66
	CR67
	CR68
	CR69
	CR70
	CR71


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


